The interactions between climate change and vegetation have a significant impact on the dynamics of the global carbon cycle. Based on the observed meteorological data from 1961 to 2013 and the temperature and precipitation data simulated by various climate models (simulations phase 5 of the Climate Model Intercomparison Project dataset), this paper analyzes the temperature and precipitation changes of the Yangtze River Basin (YRB) and finds that they are a similar trend, that is, the temperature presents a significant upward trend (R 2 = 0.49, p < 0.01), and the variation trend of precipitation is not significant (R 2 = 0.01). Specifically, based on observed meteorological data, the annual mean temperature increased significantly and the area of increasing temperature accounted for 99.94% of the total region (p < 0.05); however, there was no significant change in annual precipitation. Ecological indicators (normalized difference vegetation index (NDVI); enhanced vegetation index (EVI); leaf area index (LAI); gross primary production (GPP); and net primary production (NPP)) of the YRB showed an increasing trend, and annual NDVI, annual EVI, LAI, annual total GPP and annual total NPP increased at respective rates of 0.002 yr −1 , 0.001 yr −1 , 0.07 m 2 m −2 decade −1 , 9 TgCyr −1 yr −1 , and 6 TgCyr −1 yr −1 , respectively. Correlation analysis between temperature/precipitation and NDVI/EVI/LAI/GPP/NPP was used to determine the relationships between climatic parameters and ecological indicators. Specifically, the temperature is significantly positively correlated with annual NDVI (R 2 = 0.37, p < 0.05), with annual mean LAI (R 2 = 0.35, p < 0.05) and with annual GPP (R 2 = 0.37, p < 0.05). In addition, there is a moderate positive correlation between mean EVI and mean growing season air temperature (R 2 = 0.24); annual mean air temperature is a moderate positive correlation with annual NPP (R 2 = 0.28). Our findings confirm that temperature is more closely related to ecological factors than precipitation over the YRB in these decades.
Introduction
Climate change is indisputable and the interactions between climate change and terrestrial ecosystems have been enduring and accepted as one of the major issues in global change research. Climate variables, especially temperature and precipitation, are the vital factors that affect the development and ranges of ecosystems [1] . Global warming of 1.5 • C above pre-industrial levels (Intergovernmental Panel on Climate Change (IPCC) website: http://www.ipcc.ch/scripts/_session_ template.php?page=_44ipcc.htm), and the average temperature over the global land surface increased by 0.85 • C from 1988 to 2011 (IPCC 5) which is consistent with the trend of climate change in China over the past 50 years, where the temperature has increased by up to 1.1 • C [2, 3] . The terrestrial corresponding variations in ecological indicators (NDVI, EVI, LAI, GPP, NPP); and (3) to analyze the relationships between climate change and ecological indicators. The results potentially provide an improved understanding of climate change and its impact on ecological indicators which may facilitate the protection of the ecological environment of the YRB, and aid in the formulation of policies for regional sustainable development in China and elsewhere.
Materials and Methods

Study Area
The study area of the YRB is based on the atlas published by the Yangtze River water conservancy commission in 1999 [28] . The YRB (90°33′ E-122°25′ E and 24°30′ N-35°45′ N) is in the center of the Chinese mainland ( Figure 1 ). The YRB is the third largest river basin in the world, with a total area of 1.8 million km 2 , representing 18.8% of China's land area. The current population of the YRB is 450 million, one-third of the total population of China [29] . Yichang (Hubei Province) and Hukou (Jiangxi Province) are the boundaries of the upper, middle and lower reaches of the YRB. The upstream source area is the Qinghai-Tibet Plateau, and the middle and lower reaches are Dongting Lake Plain, Jianghan Plain, Poyang Lake Plain, the Hilly Region of south-east China and the Yangtze River deltaic plain. The principal forms of land cover in the YRB are forest, arable, and grassland, representing more than 90% of the total area of the basin. The areas of water, construction land, and otherwise unused land are relatively small [30] . 
Data Sources and Processing
Climate Datasets
The climate data sets used in this study were collected from the China Meteorological Data Service Center (CMDC, website: http://data.cma.cn/). They are from 180 meteorological stations from across the YRB and cover the interval from 1961-2013. After removing stations with missing climatological and historical records (e.g., Banma, Guangshui, Folding and Pingwu), the number of stations decreased to 176; these stations provided high-quality and complete data sets for the study interval. We used spatial interpolation of the temperature and precipitation station to obtain a 
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Simulations of Temperature and Precipitation Data Using World Climate Research Programme (WCRP) Climate Model Intercomparison Project (CMIP5) Multiple Climate Models
The fifth phase of the Climate Model Intercomparison Project (CMIP5) was established by the World Climate Research Programme (WCRP) to support the Intergovernmental Panel on Climate Change (PICC's) assessment report. Although the CMIP5 model only provides analog output and has independent internal variability and initial conditions, and the observed synoptic model was different, the trends of variation between observed and simulated climate data provide useful information for achieving a better understanding of climate changes [32, 33] .
The data used in this study are from the Program for Climate Model Diagnosis and Intercomparison (PCMDI) database (https://pcmdi9.llnl.gov/search/cmip5/). It comprises temperature and precipitation data from six models (CanESM2, CCSM4, INM-CM4, MIROC-ESM-CHEM, MPI-ESM-LR and MRI-CGCM3. See Table 1 ) of the CMIP5 model base for the YRB during 1961-2013 [21, 32, 34] . Based on the monthly temperature and precipitation data obtained from the six models, annual precipitation and temperature data were calculated and compared with the site meteorological data to examine the climatic trend of the YRB during 1961-2013 (Table 1) . The Moderate Resolution Imaging Spectroradiometer (MODIS) normalized difference vegetation index product, MODIS 13A1, is a global vegetation dataset with a 500-m spatial resolution, and a 16-day composite temporal resolution (http://ladsweb.nascom.nasa.gov/data/search.html). The products from January 2001 to December 2013 were used in this study. The maximum value composites (MVC) were used to synthesize each 16-day data interval into monthly data, annual NDVI and annual EVI is averaged by the monthly NDVI and EVI data. The NDVI and EVI during the growing season (May-October) in the YRB during 2001-2013 were produced based on the average of the 6-month NDVI and EVI data.
2.2.4. Advanced Very High-Resolution Radiometer (AVHRR) at Boston University (BU) generated the Leaf Area Index (LAI)
We used the third-generation Global Inventory Modelling and Mapping Studies (GIMMS) normalized difference vegetation index (NDVI3g) from Advanced Very High-Resolution Radiometer (AVHRR) sensor products. These datasets have the following properties: temporal resolution of 15 days, and the spatial resolution of 1/12 for the period from 1982-2011 [35] . Monthly data were synthesized using the maximum synthesis method (MAC) from the original datasets. The GPP/NPP datasets used in our research are from MODIS vegetation index products, which are obtained from the National Aeronautics and Space Administration (NASA) Earth observation system (http://ladsweb.nascom.nasa.gov/data/search.html). Collection 5 MOD17A3 products, these datasets have the following properties which were selected for study: 1 km spatial resolution, 8-day temporal resolution, from 2000 to 2010 (Table 2) . 
Methodology
To facilitate assessment of climate trends in the region, it is necessary to interpolate temperature and precipitation data to produce spatially continuous data. Spatial interpolation methods such as the Thiessen polygon [36] , radial basis functions (RBF) [37] , Kriging interpolation [38] and inverse distance weighting (IDW) [39] can be interpolated. Kriging is an estimation of optimal, linear and unbiased interpolation of spatial distribution data, which is divided into ordinary kriging and co-kriging, etc. Compared to other methods, co-kriging [40] not only takes the spatial correlation of the known data points but the elevation factor as well. Therefore, we used this method for the spatial interpolation of the atmospheric and rainfall data by choosing the elevation of each meteorological station as the covariable and implementing repeated exploratory spatial data analysis, cross validation, error analysis, and parameter modification, to get the better spatial distribution map of them over the YRB.
Regression and correlation are the most commonly used analytical methods [41] . We used linear regression analysis to analyze the trends of the meteorological factors and ecological indicators at two scales: for the whole basin and for the grid unit [42] . The rate of change of the climatic parameters (e.g., temperature and precipitation) and the ecological indicators (e.g., NDVI, EVI, LAI, GPP, NPP) were calculated using Equation (1) [43] ,
Here, S is the slope of the trend line of the climatic factors and the ecological indicators; T i is the time label; n is the number of years, and E i is the value of the climatic factor or ecological indicator for the i year. S describes the trend in the climatic factors or the ecological indicators. If S > 0, the variation of the dependent variable exhibits an increasing trend, whereas if S < 0, the variation of the dependent variable exhibits a decreasing trend. The linear variation trend of climatic factors and ecological factors was calculated by least squares linear fitting using the time series data for each pixel. A program was implemented using MATLAB to calculate the slope and the significance of the regression of air temperature/precipitation and NDVI/EVI/LAI/GPP/NPP for each pixel.
Pearson correlation coefficients were calculated between air temperature/precipitation and NDVI/EVI/LAI/GPP/NPP. The significance of the correlation coefficients was assessed at the 0.01 and 0.05 levels. The seasonal mean value of observed air temperature during 1961-2013 shows a similar spatial distribution pattern in every season (Figure 3) , with lower air temperatures in the high-altitude areas in the upper reaches of the YRB [44] .
Results
Trends of the
The spatial patterns of the linear trends in air temperature are illustrated in Figure 4 . Spring temperatures increased more rapidly mostly in the lower altitude areas of the middle and lower reaches of the YRB (MLYRB). Summer and winter temperatures have similar distributions, where the temperature is increasing rapidly are mainly in the source region of the Yangtze River (SRYR), in eastern Tibet and in the Yunnan Plateau. The areas of rapid temperature increase in autumn are chiefly distributed across the higher altitude areas of the YRB and in the densely populated areas of the Yangtze River Delta (YRD). The seasonal mean value of observed air temperature during 1961-2013 shows a similar spatial distribution pattern in every season ( Figure 3) , with lower air temperatures in the high-altitude areas in the upper reaches of the YRB [44] . The areas of decreased spring precipitation are principally distributed across the MLYRB (Figure 6a ). The areas with increased summer precipitation are concentrated in the low altitude regions of the YRD, and those with decreasing trends are mostly concentrated in the Yun-Gui plateau region (Figure 6b ). Areas with increased autumn precipitation are chiefly concentrated in the SRYR and in some parts of the southern hills, while there is a decreasing trend in other areas of the YRB (Figure 6c ). In winter, most of the regions of the YRB exhibit a decreasing precipitation trend; however, the MLYRB and the hilly regions of south-eastern China exhibit an increasing precipitation trend (Figure 6d ). The areas of decreased spring precipitation are principally distributed across the MLYRB (Figure 6a ). The areas with increased summer precipitation are concentrated in the low altitude regions of the YRD, and those with decreasing trends are mostly concentrated in the Yun-Gui plateau region (Figure 6b ). Areas with increased autumn precipitation are chiefly concentrated in the SRYR and in some parts of the southern hills, while there is a decreasing trend in other areas of the YRB (Figure 6c ). In winter, most of the regions of the YRB exhibit a decreasing precipitation trend; however, the MLYRB and the hilly regions of south-eastern China exhibit an increasing precipitation trend (Figure 6d ). (Figure 7c ). The areas with increased precipitation are mainly in the SRYR and the eastern parts of the MLYRB; and the areas with decreased precipitation are mostly scattered in the north-eastern Yunnan Plateau, the western part of the Guizhou Plateau, and the south-western part of Sichuan Basin (Figure 7d) .
The modeled mean annual temperatures are illustrated in Figure 8a . The values for CanEMS2 (9.1 °C), MPI-ESM-LR (8.77 °C) and MIROC-ESM-CHEM (7.5 °C) are higher than those for CCSM4 (7.27 °C), MIR-CGCM3 (6.27 °C), and INM-CM4 (4.62 °C). Annual temperature exhibits increasing trends and all are significant at the 99% confidence level. As shown in Figure 8b , increasing trends of annual precipitation are shown by MIR-OC-ESM-CHEM, INM-CM4, and CanESM2 and decreasing trends are shown by MRI-CGCM3, MPI-ESM-LR and CCSM4; however, none of these results are statistically significant.
We used a non-parametric method (the Kolmogorov-Smirnov (KS) test) to compare the observed annual temperature and precipitation data with the results from the various models ( Figure 9 ). The KS compares the distribution of f(x) with the theoretical distribution g(x) and two observation values. H0 assumes that the two data distributions are consistent or that the data conforms to the theoretical distribution [45] . The results for the observed data and for the data from the meteorological stations are significant at the 0.01 level, indicating that although they are different data distributions, the annual air temperature and annual precipitation increase significantly in both cases (Figure 8 ). (Figure 7c ). The areas with increased precipitation are mainly in the SRYR and the eastern parts of the MLYRB; and the areas with decreased precipitation are mostly scattered in the north-eastern Yunnan Plateau, the western part of the Guizhou Plateau, and the south-western part of Sichuan Basin (Figure 7d) .
The modeled mean annual temperatures are illustrated in Figure 8a . The values for CanEMS2 (9.1 • C), MPI-ESM-LR (8.77 • C) and MIROC-ESM-CHEM (7.5 • C) are higher than those for CCSM4 (7.27 • C), MIR-CGCM3 (6.27 • C), and INM-CM4 (4.62 • C). Annual temperature exhibits increasing trends and all are significant at the 99% confidence level. As shown in Figure 8b , increasing trends of annual precipitation are shown by MIR-OC-ESM-CHEM, INM-CM4, and CanESM2 and decreasing trends are shown by MRI-CGCM3, MPI-ESM-LR and CCSM4; however, none of these results are statistically significant.
We used a non-parametric method (the Kolmogorov-Smirnov (KS) test) to compare the observed annual temperature and precipitation data with the results from the various models ( Figure 9 ). The KS compares the distribution of f(x) with the theoretical distribution g(x) and two observation values. H 0 assumes that the two data distributions are consistent or that the data conforms to the theoretical distribution [45] . The results for the observed data and for the data from the meteorological stations are significant at the 0.01 level, indicating that although they are different data distributions, the annual air temperature and annual precipitation increase significantly in both cases (Figure 8 ). 
Trends in Ecological Indicators in the YRB
The annual mean NDVI and EVI values for the YRB during 2001-2013, which are produced from the annual 500-m data in proved NDVI and EVI products (MOD 13A1), are illustrated in Figure 10 (Figure 10) . Figure 11 illustrates the spatial distribution of the mean value of NDVI in the growing season (Figure 11a) , the mean value of EVI in the growing season (Figure 11c) , the mean value of annual NDVI (Figure 11b) , and the mean value of annual EVI (Figure 11d 
The annual mean NDVI and EVI values for the YRB during 2001-2013, which are produced from the annual 500-m data in proved NDVI and EVI products (MOD 13A1), are illustrated in Figure 10 In general, the annual NDVI and EVI increased from 2001 to 2013, and these increases are consistent with the changes in the mean values of NDVI and EVI in the growing season, which are illustrated in Figure 12 . The results are summarized in Table 3 and they show that the annual NDVI and EVI exhibit increasing trends, accounting for 65.29% and 60.23% of the YRB, respectively. As shown in Figure 12 , the increasing trend occurred mainly in the central and north-eastern parts of Hanzhong Basin, in the Jialing and Wujiang River basins, and in the north-eastern part of Sichuan Basin. The areas with a decreasing trend are chiefly distributed in arid and semi-arid areas of the SRYR and in the urbanized areas of the MLYRB. In general, the annual NDVI and EVI increased from 2001 to 2013, and these increases are consistent with the changes in the mean values of NDVI and EVI in the growing season, which are illustrated in Figure 12 . The results are summarized in Table 3 and they show that the annual NDVI and EVI exhibit increasing trends, accounting for 65.29% and 60.23% of the YRB, respectively. As shown in Figure 12 , the increasing trend occurred mainly in the central and north-eastern parts of Hanzhong Basin, in the Jialing and Wujiang River basins, and in the north-eastern part of Sichuan Basin. The areas with a decreasing trend are chiefly distributed in arid and semi-arid areas of the SRYR and in the urbanized areas of the MLYRB. In general, the annual NDVI and EVI increased from 2001 to 2013, and these increases are consistent with the changes in the mean values of NDVI and EVI in the growing season, which are illustrated in Figure 12 . The results are summarized in Table 3 and they show that the annual NDVI and EVI exhibit increasing trends, accounting for 65.29% and 60.23% of the YRB, respectively. As shown in Figure 12 , the increasing trend occurred mainly in the central and north-eastern parts of Hanzhong Basin, in the Jialing and Wujiang River basins, and in the north-eastern part of Sichuan Basin. The areas with a decreasing trend are chiefly distributed in arid and semi-arid areas of the SRYR and in the urbanized areas of the MLYRB. During the last 30 years, the annual mean LAI increased significantly, from 1.57 m 2 m −2 in 1982 to 1.79 m 2 m −2 in 2011(a rate of 0.07 m 2 m −2 per decade) across the YRB (Figure 13 ). The spatial distribution of growing season LAI is similar to that of annual mean LAI in the YRB; the values are higher in the foothills of the Tibetan Plateau, the Han River Basin and the Poyang Lake Basin; and the values are lower in the MLYRB and in the densely urbanized area of Taihu Basin (Figure 14) .
Spatially, for 83.35% of the pixels, the annual mean LAI exhibits an increasing trend during 1982-2011 (Table 3 ). The mean LAI in the growing season and the annual mean LAI increased significantly in the basins of the Jialing and Wujiang Rivers and in the Dongting and Poyang lakes' basins. Areas of reduced values are mainly concentrated in MLYRB and in the Taihu Basin (Figure 14) .
The results of linear regression analysis reveal a slight increasing trend in annual total GPP for the entire YRB, with an annual rate of change of up to 9 TgCyr −1 yr −1 . These results indicate that mean annual total GPP was 1905 TgCyr −1 , with a maximum of 1954 TgCyr (Figure 14) . The areas with lower values of mean annual GPP are mainly in the semi-arid region of sub-frigid zones in the SRYR, and those with higher values are mostly in the Qinba Mountains and the south-eastern hills (Figure 16a ). Like the spatial pattern of the mean value of annual GPP, the areas with lower values of mean annual NPP are mainly distributed in semi-arid and semi-humid areas of the sub-frigid zone in the source regions of Gansu, and in eastern Tibet and eastern Sichuan (Figure 16b ). The trends in annual GPP and annual NPP show a similar pattern, with an increasing trend in western Sichuan and in the eastern part of Tibet and the Qinba Mountain, and a decreasing trend in the southern hills and the densely urbanized area of the YRD (Figure 16c,d ).
Correlations between Climatic Variations and Ecological Indicators
Climate change has a significant impact on ecological indicators [46] . Correlation coefficients (r) between mean air temperature and annual precipitation and the various ecological indicators (annual mean NDVI, growing season mean EVI, annual LAI, annual total GPP, and annual total NPP) were calculated to determine the relationships. The results are presented in Figure 17a -d. The ecological indicators exhibit different responses to the climatic variations. The annual mean NDVI and annual mean air temperature showed a significant positive correlation (R 2 = 0.37, p < 0.05, Figure  17a) ; while mean growing season air temperature was moderate positive correlation with mean growing season EVI (R 2 = 0.24, Figure 17b ); In addition, the annual mean air temperature had significant positive correlations with annual LAI (R 2 = 0.35, p < 0.05) and annual GPP (R 2 = 0.37, p < 0.05, Figure 17c) ; while annual mean air temperature was moderate positive correlation with annual NPP (R 2 = 0.28, Figure 17d ). Moreover, we also used the partial regression to analyze the relationship between air temperature and precipitation (see Appendix: Table A1 ), and that supported the conclusion by the linear regression analysis that temperature is more closely related to ecological factors than precipitation over the YRB. The trends in annual GPP and annual NPP show a similar pattern, with an increasing trend in western Sichuan and in the eastern part of Tibet and the Qinba Mountain, and a decreasing trend in the southern hills and the densely urbanized area of the YRD (Figure 16c,d ).
Climate change has a significant impact on ecological indicators [46] . Correlation coefficients (r) between mean air temperature and annual precipitation and the various ecological indicators (annual mean NDVI, growing season mean EVI, annual LAI, annual total GPP, and annual total NPP) were calculated to determine the relationships. The results are presented in Figure 17a -d. The ecological indicators exhibit different responses to the climatic variations. The annual mean NDVI and annual mean air temperature showed a significant positive correlation (R 2 = 0.37, p < 0.05, Figure 17a) ; while mean growing season air temperature was moderate positive correlation with mean growing season EVI (R 2 = 0.24, Figure 17b ); In addition, the annual mean air temperature had significant positive correlations with annual LAI (R 2 = 0.35, p < 0.05) and annual GPP (R 2 = 0.37, p < 0.05, Figure 17c) ; while annual mean air temperature was moderate positive correlation with annual NPP (R 2 = 0.28, Figure 17d ). Moreover, we also used the partial regression to analyze the relationship between air temperature and precipitation (see Appendix A: Table A1 ), and that supported the conclusion by the linear regression analysis that temperature is more closely related to ecological factors than precipitation over the YRB. 
Discussion
Climate change and its impact on terrestrial ecosystems is a major area of concern for global change science. A key aspect is the analysis of spatiotemporal changes in climatic parameters and ecological indicators and their relationships. In this study, we have combined the data outputs from six models from CMIP5 with observed meteorological data to determine the trends, and we have explored the evidence for climate change at local and global levels. In addition, the spatiotemporal trends of various ecological factors were analyzed, and correlation analysis was used to analyze the impact of climate change on the ecological factors. Compared with previous studies, which have tended to focus on a single vegetation index, we have used a variety of vegetation indices and determined their relationship with climate change on different timescales (annual and the growing season) to provide a more comprehensive analysis of the impact of climate change on ecological factors. Lenihan et al. [47] confirmed vital increases in NPP under the warmer and much wetter scenario in California. In a similar study of Hubei Province, in the middles reaches of the YRB, Lin et al. [32] found that increases in GPP, NPP and LAI were significantly correlated with temperature but there was no correlation with precipitation. The absence of a relationship between precipitation and ecological factors may be because there is abundant precipitation in the area and, therefore, water availability is not a limiting factor for vegetation [32] . However, in areas with less rainfall, increases in temperature will result in increased evaporation which may restrict vegetation growth. In the present study we found a positive correlation between NDVI and precipitation for the Tibetan Plateau in the upper reaches of the YRB; in contrast, however, there is a negative correlation between NDVI and temperature [48] . In addition, delta annual EVI (urbanization effects, urban EVIs minus rural EVIs) exhibited a significant decreasing trend for nine of the 10 provincial capital cities (p < 0.05) in the YRB [49] , especially, Shanghai, Nanjing, Hangzhou, etc. 
Climate change and its impact on terrestrial ecosystems is a major area of concern for global change science. A key aspect is the analysis of spatiotemporal changes in climatic parameters and ecological indicators and their relationships. In this study, we have combined the data outputs from six models from CMIP5 with observed meteorological data to determine the trends, and we have explored the evidence for climate change at local and global levels. In addition, the spatiotemporal trends of various ecological factors were analyzed, and correlation analysis was used to analyze the impact of climate change on the ecological factors. Compared with previous studies, which have tended to focus on a single vegetation index, we have used a variety of vegetation indices and determined their relationship with climate change on different timescales (annual and the growing season) to provide a more comprehensive analysis of the impact of climate change on ecological factors. Lenihan et al. [47] confirmed vital increases in NPP under the warmer and much wetter scenario in California. In a similar study of Hubei Province, in the middles reaches of the YRB, Lin et al. [32] found that increases in GPP, NPP and LAI were significantly correlated with temperature but there was no correlation with precipitation. The absence of a relationship between precipitation and ecological factors may be because there is abundant precipitation in the area and, therefore, water availability is not a limiting factor for vegetation [32] . However, in areas with less rainfall, increases in temperature will result in increased evaporation which may restrict vegetation growth. In the present study we found a positive correlation between NDVI and precipitation for the Tibetan Plateau in the upper reaches of the YRB; in contrast, however, there is a negative correlation between NDVI and temperature [48] . In addition, delta annual EVI (urbanization effects, urban EVIs minus rural EVIs) exhibited a significant decreasing trend for nine of the 10 provincial capital cities (p < 0.05) in the YRB [49] , especially, Shanghai, Nanjing, Hangzhou, etc.
Climate change (including changes in temperature and precipitation, and increases in extreme climate events) and human activities together affect the spatiotemporal variation of ecological indicators [50, 51] . Although vegetation changes are usually related to climatic factors, the relationship between vegetation and climate is often unclear in areas that are strongly influenced by humans [52] . For example, in the YRD, despite the significant increasing trend in temperature, ecological factors exhibit a significant decreasing trend ( Figures 13, 15 and 17 ), in accord with the results of Piao et al. [53] who concluded that rapid urbanization has resulted in a sharp decrease in the NDVI over the YRD. The impact of human activities on vegetation generally includes two aspects: direct changes in vegetation resulting from artificial afforestation, deforestation, crop planting or harvesting, and human-induced land-use change; and the other is indirect impacts on vegetation [54] [55] [56] [57] [58] . For example, human-induced land use changes and greenhouse gas emissions may cause climate change at the local, regional, and global scales which have further affected vegetation growth and composition [59] . Quantifying the effect of human activities on vegetation is urgently needed, as is also the role of human activities in local vegetation-climate feedbacks. Qu et al. [55] have proposed that over 6% of the land surface of China has experienced significant human-induced vegetation changes (p < 0.05). Mao et al. [52] found that about 97.4% of the Shanxi-Ganning area showed an increasing trend in vegetation coverage, which was related to China's ecological recovery policy during the last 15 years.
Conclusions
We have systematically analyzed the spatiotemporal trends of observed and modeled climatic parameters and ecological indicators in the YRB, with the following major conclusions:
Both the observed data and the model results reveal an increasing trend of air temperature in the YRB during 1961-2013; there was a significant increase in temperature across 99.94% of the region during 1961-2013. However, there is no significant linear trend for annual mean precipitation.
To explore temporal trends in ecological indicators, we analyzed variations in annual NDVI and EVI, LAI, annual total GPP and NPP, which exhibited respective rates of increase of 0.002 yr −1 , 0.001 yr −1 , 0.07 m 2 m −2 decade −1 , 9 TgCyr −1 yr −1 , and 6 TgCyr −1 yr −1 .
Our results indicated that ecological factors were more strongly correlated with temperature. Specifically, annual mean NDVI and annual mean air temperature showed a significant positive correlation, while the mean growing season air temperature was a moderate positive correlation with mean growing season EVI. In addition, the annual mean air temperature had significant positive correlations with annual LAI and annual GPP; while annual mean air temperature was a moderate positive correlation with annual NPP. So temperature may be the main climatic factor influencing the ecosystem performance over the YRB in the past decades.
Finally, possible deficiencies in our methodology should be considered: because of inherent limitations the meteorological data was selected based on the site data, and the spatial interpolation required may have introduced unavoidable errors. In addition, the differences in ecological response to climate change at the global and regional scales need to be considered. Therefore, in future research, climate change and its impact on ecological factors should be analyzed on different spatial scales. 
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